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ABSTRACT
Unconformity-related uranium (URU) deposits are the most profitable uranium deposits in
the world. Among those deposits, the Athabasca Basin hosts the world’s largest high-grade
uranium deposits. A series of numerical experiments regarding the effect of uranium source
location, fault location, and fault dip angle on the formation of URU deposits have been conducted
by using software TOUHREACT.
Simulation results suggest that although both sandstone-sourced and basement-sourced
models can generate economical deposits, basement-sourced models are more likely to form larger
deposits since uranium-carrying fluid only needs to move a shorter distance to reach the structural
trap for further ore forming reaction.
Numerical modeling reveals that the fault location can significantly affect uranium
deposits' location and mineralization. When the fault exists in the sandstone unit and basement
unit, more deposits can form in the basement unit since ore forming fluid can easily transport
through the fault zone between those two units.
The fault dip angle can rearrange convection cells within the sandstone unit, impacting the
temperature distribution near the unconformity interface and the uranium precipitation. Subvertical
and 45-degree dip angle faults are favorable for transport of ore forming fluids to produce
economical deposits. When the fault has a smaller dip angle, however, it aligns more closely to
the unconformity interface, impeding the interaction of the basinal oxidizing fluid with the
basement-derived reducing fluid to form uranium deposits.
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Chapter 1 Introduction

1.1 Introduction
Uranium minerals were discovered by Martin Heinrich Klaproth in 1789 during
pitchblende analysis (Dahlkamp, 2013). They were mined as by-products for a long time until
around 1850. Currently, the uranium industry is experiencing an upsurge. Canada and Australia
have become the main force of uranium production. Uranium is mainly used as fuel in nuclear
power plants to generate nuclear energy by controlled fission chain reaction. With the increasing
concern on greenhouse gas emission causing environmental issues, and decreasing the amount of
fossil fuel reservation, nuclear energy has attracted industrial attention due to its high energy
production efficiency and low CO2 emission level. Although uranium is pervasively found in the
continental crusts, it also appears as a trace element in rocks. Increasing demand for uranium
requires more uranium deposit exploration.
Unconformity-related uranium (URU) has the highest production and occupies the highest
economic ranking among 15 types of recognized uranium deposits (IAEA, 2018), providing more
than 30 % of world uranium (Dahlkamp, 2013; Jefferson et al., 2007). URU deposits are mainly
distributed in the Athabasca Basin and Thelon basin in Canada and the McArthur basin in Australia.
The Athabasca Basin in Canada hosts the most profitable uranium sources (Figure 1.1), which has
a total amount of 500,000 tons of uranium (Hecht and Cuney, 1999; de Veslud et al., 2007).
Specifically, the basin carries more than thirty URU deposits with an average grade of 1.97%
uranium (Jefferson et al., 2007). The two giant Cigar Lake and McArthur deposits contain
relatively high grades of uranium. The Cigar Lake deposit carries 875,000 tons of ore with the
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grade of 15% which contains 131,400 tons of uranium and the McArthur deposit carries 1,017,000
tons of ore with the grade of 22.28% which contains 192,085 tons of uranium (Jefferson et al.,
2007).
This study aims at investigating the controlling factors for the formation of URU deposits
by applying coupled multicomponent fluid flow, heat flow and reactive transport modeling. In
particular, it examines the roles of fault geometry and dip angle, and the location of uranium source
in controlling the uranium mineralization.

1.2 Background and literature review
1.2.1 Geological setting
Unconformity-related uranium deposits are characterized by uranium precipitation close to
the unconformity interface between flat-lying Middle Proterozoic basinal sandstone and Archean
to Paleoproterozoic metamorphic basement (Raffensperger and Garven, 1995b; de Veslud et al.,
2007; Mercadier, 2010). A reverse fault, located in the lower part of the basinal sandstone unit and
upper part of the metamorphic basement unit, acts as a conduit that allows fluid exchange between
the sandstone and basement units (Aghbelagh and Yang, 2014). Uranium deposits can extend
downwards to the upper 400 meters in the basement (Alexandre et al., 2005).
The Athabasca Basin is an intracratonic basin that straddles the northern Alberta and
Saskatchewan border. It belongs to the Western Churchill province that is bounded by three eroded
major orogenic belts called the Taltson magmatic zone (1.9 Ga) and Thelon tectonic zone (1.9 Ga)
at west and Trans-Hudson Orogen on the south (1.8 Ga) (Figure 1.1) (Jefferson et al., 2007). The
2

Snowbird Tectonic Zone situated in the Trans-Hudson Orogen separates the basement into two
parts: the Rae Province in the west and the Hearne Province in the east (Figure 1.2) (Annesley and
Madore, 2002; Jefferson et al., 2007). The Hearne Province underlying the sedimentary basin can
be further divided into two big domains which are northeast-trending, shear-bounded belt called
Mudjatik Domain, and the northeast-trending fold-thrust belt called the Wollaston Domain from
west to east (Figures 1.2 and 1.3) (Annesley and Madore, 2002; Jefferson et al., 2007). Jefferson
et al. (2007) suggested that most of the uranium deposits in the Athabasca Basin were located at
the unconformity interface between the Athabasca Group and the graphite-rich transition zone
between the western Wollaston and eastern Mudjatik Domain. The Athabasca Group is a major
preserved unit of the basin fill located at the bottom of the basin that is composed of thick, proximal
unmetamorphosed sequences of fluviatile quartziferous sandstones (Ramaekers and Catuneanu,
2004; de Veslud et al., 2007; Jefferson et al., 2007). Among the six recognized formations in the
sequences, the formation, which is located exclusively in the eastern part of the basin and is
composed of hematite-rich conglomerate, hosts the majority of breccias and uranium deposits in
the entire basin (Ramaekers, 1990; de Veslud et al., 2007; Pirajno, 2008).

1.2.2 Genetic models
URU deposits are formed in a succession geological event that was caused by
compressional and tensional tectonism, diabase activity, and the host rock alteration (Cuney, 2005;
Hoeve and Quirt, 1987; Kyser, 2007).
During each tectonic event, uranium precipitated when the basin-derived oxidized brine
either mixed with the basement-derived reduced fluid (Pagel, 1975a; Hoeve and Sibbald, 1978;
3

Oagek and Jafferezic, 1997) or reacted with the reduced basement rocks (Hoeve and Squirt, 1984;
Komninou and Sverjensky, 1996; Fayek and Kyser, 1997).

1.2.3 Recent studies
There is a controversial issue regarding uranium sources. Some researchers believe that
uranium originates from the sandstone unit (for example, Raffensperger and Garven, 1995b; Fayek
and Kyser, 1997; Cuney, 2005). Cuney (2005) suggested that an abrupt increase of oxygen content
in the atmosphere during Paleoproterozoic induced pervasive storage of large amounts of uranium
and carbon matter in sediments. Therefore, Paleoproterozoic sediments were enriched in uranium.
Oxidized meteoric fluid passed through the high uranium content sandstone, leaching large
amounts of uranium. Aqueous uranium was carried to the unconformity interface and then mixed
with retrograde metamorphic fluids or reacted with basal lithologies to produce uranium deposition
(e.g., Mercadier et al., 2010). On the other hand, Hecht and Cuney (2000) doubt that uraniumbearing zircon in sandstones can provide enough considerable uranium deposition. Oxidation of
uranium-associated minerals in the basement, such as monazite, could liberate aqueous uranium
from basement lithology. The observation of strongly hydrothermally altered basement rocks
nearby uranium deposits indicates that uranium source likely from the basement (Mercadier et al.,
2013).
Quartz dissolution that is associated with uranium precipitation and breccia bodies may be
a controlling factor for uranium deposits location. According to the mass balance calculation by
Cuney (2009), quartz dissolution created huge space (up to 90% volume loss) for uranium
deposition. Mercadier et al. (2010) proposed that interconnected microfractures in the basement,
4

formed at the end of Hudsonian orogeny metamorphism, were reactivated and introduced basin
brines into the basement to react with basement lithologies (Mercadier et al., 2010).
Topographic relief can also affect uranium deposits. In Cui et al. (2010) study, topographic
relief is presented by assigning different gradients of the water table for the Thelon Basin in Canada
(Cui et al., 2010). At low water table slopes, for example 0.0001m/m, free convection dominates
the fluid system; however, when the water table slope increased to 0.0005m/m, free convection
and topography-driven flow coexist in the system which is called as mixed convection (Cui et al.,
2010). At a high water table slope (0.001m/m), the main flow in the basin became topographydriven flow. The authors also concluded that free convection fluid patterns near the unconformity
interface were slightly affected by the unconformity, stratigraphic heterogeneity, but free
convection still remains stable in the basin-scale in the Thelon Basin (Cui et al., 2010).
Cui et al. (2012a) suggested that in the tectonics active period, pre-existing faults were
reactivated, and new fault features were created by tectonic events to suppress free convection and
give rise to deformation-dominated flow and mixed convection (Cui et al., 2012a). Deformationdominated flow dominates at relatively high strain rates and mixed convection dominates at low
strain rates. Moreover, sandstone-hosted URU deposits are formed corresponding to compressive
deformation, since reduced basement brines are squeezed out to the sandstone unit through the
fault zone and react with the uranium-bearing fluid (Cui et al., 2012a). While, basement-hosted
URU deposits are likely formed corresponding to extensional deformation since oxidized basinal
brines migrate downward to the basement unit through the fault and react with basement
fluid/lithology (Cui et al., 2012a). Cui et al. (2012b) also verified that buoyancy-driven
thermohaline convection was able to penetrate deeply to the basement unit below the unconformity
interface.
5

Chi et al. (2013) constructed 2D numerical models to simulate the basin sedimentary
history, in order to examine the effects of disequilibrium sediment compaction on ore forming
fluid in the Athabasca Basin. The base model contains 23 hydrostratigraphic units which represent
the west-east cross section of the Athabasca Basin. The thickness of each unit is derived from
measurement and extrapolation from cross sections (Chi et al., 2013). The lithology of each unit
is represented by different portion of sandstone and shale content. The result suggested that the
sedimentary basin did not experience overpressure, which indicates the compaction-driven flow
did not lead to significant ore formation (Chi et al., 2013).
Uranium tends to deposit near oxidation-reduction front where oxidizing uranium-carrying
fluids encounter reducing fluids. The 2D numerical modeling by Chi and Xue (2014) showed that
the location of the interface between oxidizing and reducing fluid systems was mainly controlled
by fluids pressure regime. If the basin experiences strong fluid overpressure caused by high mud
content and/or rapid sedimentation, the interface tends to locate at shallow depth and the fluid
system will be dominated by upwelling fluid (Chi and Xue, 2014). In contrast, if the basin has
weak fluid overpressure due to low mud contents and/or slow sedimentation, the interface is more
likely to locate at the unconformity or within the basement, and the system was dominated by
topographic relief-driven or thermal gradient-driven convection (Chi and Xue, 2014).
The fault as a main structure plays an important role in uranium transportation and
deposition. It usually holds higher permeability than surrounding units so that it tends to enhance
and guide thermally convective flow into the basement unit (Raffensperger and Garven, 1995b;
Jefferson et al., 2007). Numbers of fault zones and variation in fault spacing are believed to be
important factors controlling convection cells sizes and their locations (Li et al., 2015). Also, faults
are able to create open space near the unconformity interface to provide space for uranium
6

deposition, and therefore control mineralization location (Raffensperger and Garven, 1995b;
Jefferson et al., 2007; Cuney, 2005; Aghbelagh, 2016).
Aghbelagh and Yang (2014) conducted 2D numerical simulations using software
TOUGHREACT to test the role of the graphitic fault zone in URU deposition. The model has
sandwich-like geometry, which contains, from top to bottom, a confining cover, a sandstone layer,
and a basement unit. Their results reveal that uranium tends to deposit underneath the
unconformity interface and away from the fault zone (Aghbelagh and Yang, 2014). More recently,
Aghbelagh and Yang (2017) examined the effect of fault dip angles on ore-forming hydrothermal
systems. For the vertical fault, precipitated uranium is situated in the basement and right below the
fault. While for the 45° left or right dipping fault, uranium is located either far from the fault or
follows the fault plane under the unconformity (Aghbelagh and Yang, 2017). Aghbelagh and Yang
(2017) also found that the permeability of the fault zone, sandstone layer, and basement unit can
modify the fluid flow pattern and flow rate, causing the variation in the grade and location of URU
deposits.

1.3. Objectives of the study
1.3.1 Overall objectives
This study develops numerical models that coupled fluid flow, heat transport, and reactive
mass transport to investigate the impacts of several controlling factors on the formation of URU
deposits.
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1.3.2 Specific objectives
1.3.2.1 Effect of uranium source location on unconformity-related uranium deposits
Both sandstone and basement have been proposed as potential uranium sources. Aghbelagh
and Yang, (2014, 2017) only considered the sandstone unit as the uranium source, without taking
into account the basement as a potential source. Chapter 2 is aimed to fill in the gap by studying
the case when uranium is derived from the basement unit.
1.3.2.2 Effect of fault location on unconformity-related uranium deposits
Previous studies by Aghbelagh and Yang (2014, 2017) only considered the fault zone with
a fixed size and location. In reality, however, fault size and location are different from basin to
basin. Chapter 2 also investigates the impact of change in the depth of the fault on uranium
mineralization and location.
1.3.2.3 Effect of fault dip angle on unconformity-related uranium deposits
Fault dip angle also controls the flow patterns and heat regime, leading to a different
location and grade of URU deposition. Aghbelagh and Yang (2017) only considered 90° and 45 °
angle of dips. Chapter 3 examines the impact of various angle of dips for the fault (other than 45 °
and 90 °) on URU deposition.

1.4 Methodology and principles
1.4.1 Conceptual Model
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A simplified conceptual model was constructed by integrating the most important
geological, geophysical and geochemical features of the Athabasca Basin, including (1) a
relatively low permeable shallow marine facies cover (Cui et al., 2012); (2) a high-permeability
basin sandstone sequence overlying the unconformity; (3) an unconformity interface; (4) a lowpermeability metamorphosed basement unit under the unconformity; and (5) a fault crossing the
unconformity interface. Other than the features summarized above, a 30 °C/km geothermal
gradient, which represents an intracontinental geothermal gradient, was assigned to the entire
model (Cui et al, 2012; Aghbelagh and Yang, 2014, 2017). More details of the conceptual model
will be discussed in the following chapters.
Parameters for different units, such as density, porosity, permeability, etc., were derived
from previously published compilations (for example, Freeze and Cherry, 1979; Garven and
Freeze, 1984; Raffensperger and Garven, 1995a, b; Mclellan et al. 2004; Yang et al., 2004; Oliver
et al., 2006; Cui et al., 2012; Aghbelagh and Yang, 2014, 2017) (Appendix A). Initial chemical
compositions and chemical reactions in each unit were determined mainly based on the research
by Aghbelagh and Yang (2014, 2017) (Table 1.2, 1.3, and 1.4).

1.4.2 Simulation approach
This study was carried out by using a commercial software package TOUGHREACT. It is
able to simulate non-isothermal multiphase reactive geochemical transport in one, two and three
dimensional geological domains (Xu et al., 2004). The governing equations for multiphase fluid
flow, heat flow and reactive transport are listed in Appendix 1. These three governing equations
have the same structures that follow the principle of mass and energy conservation, therefore are
9

solved by the integral finite difference (IFD) method (Xu et al., 2004). The advantage of the IFD
method is that it allows more flexible space discretization since no requirement for references to a
global system of coordinates.
In general, after initializing all the primary multiphase and multicomponent parameters in
the model, the TOUGHREACT code will solve flow and heat transport equations at the initial time
step. Primary fluid parameters first enter the EOS equation to obtain secondary thermophysical
parameters such as fluid density, viscosity and enthalpy, etc. (Xu et al., 2004). All secondary
components should be in the aqueous phase. TOUGHREACT brings secondary parameters into
flow equations for solving fluid velocities and fluid saturation (Xu et al., 2004; Aghbelagh, 2017).
Then solutions from the previous step will enter the chemical transport simulation and be solved
on a component-by-component basis to obtain total dissolved concentrations (Xu et al., 2004).
Concentrations are used for solving chemical reactions on a grid-block-by-grid-block basis by
Newton-Raphson iteration until reaching convergence (Xu et al., 2004). Aqueous complexation,
acid-base, redox, gas dissolution/ exsolution, and cation exchange are assumed to be at local
equilibrium (Xu et al., 2004). Both mineral dissolution and precipitation are assumed to proceed
under kinetic equilibrium except for calcite and anhydrite (Xu et al., 2004). During chemical
reactions, precipitation and dissolution of minerals occurred and then change the porosity and
permeability of media, which results in changing pore space geometry and its distribution (Xu et
al., 2004). After reactions attain convergence, chemical state variables and physical parameters
will be updated in turn and used as input for the next iteration time step (Xu et al., 2004). Time is
discretized implicitly based on the first-order finite difference method (Xu et al., 2004).
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For its limitations, however, TOUGHREACT ignores the impacts of porosity change on
fluid pressure, impacts of heat produced in chemical reactions on the whole thermodynamic system,
and impacts of change in chemical components on thermal physical parameters.
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Table 1.1 Physical properties used in simulation of reactive mass transport derived from
Aghbelagh and Yang (2017).
Property
Density[kg/m3]
Porosity
Permeability[m2]
Heat
conductivity[W/(m∙°C)]
Specific heat capacity
[J/(kg∙°C)]
Pore fluid
compressibility [1/Pa]
Pore fluid expansively
[1/°C]

Confining
unit
2,400
0.15
1×10-15
2.5

Sandstone unit

Basement unit

Fault zone

2,500
0.2
3×10-13a
3.5

2,650
0.1
3×10-16a
2.5

2,400
0.2
1×10-12a
4

803

803

803

803

3.5714×10-11

3.124×10-11

2.0202×10-11

4.2918×10-11

8.0×10-6

1.0×10-5

8.0×10-6

1.0×10-5
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Table 1.2 Initial condition of the aqueous phase used in simulation of reactive mass transport
derived from Aghbelagh and Yang (2017).
The confining unit
Component species
AlO2Ca2+
CH40 (aq)
ClFe2+
H+
H2 O
HCO3K+
Mg2+
Na+
O2(aq)
SiO2(aq)
SO4-2
UO22+
The sandstone unit
Component species
AlO2Ca2+
CH40 (aq)
ClFe2+
H+
H2 O
HCO3K+
Mg2+
Na+
O2(aq)
SiO2(aq)
SO4-2
UO22+

Concentration
(mol/L)
0.1
2.8×10-2
0.1
0.1
7.3×10-15
5.1286×10-6
1.0
0.396
0.022
0.0026
0.1
1.7258×10-15
1.0
1.5×10-2
1×10-5

Concentration
(mol/L)
0.1
1.502
1.0
5
2.5×10-11
7.3961×10-6
1.0
1×10-4
0.045
0.477
1.0
1.4962×10-23
5.0
1.5×10-3
1.0×10-4
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The basement unit
Component species
AlO2Ca2+
CH40 (aq)
ClFe2+
H+
H2 O
HCO3K+
Mg2+
Na+
O2(aq)
SiO2(aq)
SO4-2
UO22+
The fault zone
Component species
AlO2Ca2+
CH40 (aq)
ClFe2+
H+
H2 O
HCO3K+
Mg2+
Na+
O2(aq)
SiO2(aq)
SO4-2
UO22+

Concentration
(mol/L)
0.1
0.853
1.0
2.7
0.002
2.8774×10-5
1.0
0.049
0.163
0.365
0.1
1.4665×10-47
1.0
5.6×10-4
8.2×10-11

Concentration
(mol/L)
0.1
0.1
4.0
3
0.0005
8.0538×10-5
1.0
1.2×10-4
0.038
0.88
1.0
5.188×10-52
0.5
0.0010
1.6×10-6
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Table 1.3 Initial mineral volume fractions, possible secondary mineral phases, and their kinetic
properties used in simulation of reactive mass transport derived from Aghbelagh and Yang
(2017).
Confining unit
mineral
composition

Volume
faction

K25(mol/m2 Ea (kJ/mol)
s)

Am
(cm2/g)
At
equilibriu
m
9.8
12.87
At
equilibriu
m
151.6
151.6
9.8

Primary
Calcite

CaCO3

0.4414

At
At
equilibrium equilibrium

Dolomite
Hematite
Anhydrite

CaMg(CO3)2
Fe2O3
CaSO4

0.0129
0.0003
0.0024

2.951×10-8
2.514×10-14
At
equilibrium

Kaolinite
Muscovite
Quartz
Secondary
Albite
Graphite
Chlorite

Al2Si2O5(OH)4
KAl2(AlSi3O10)(OH)2
SiO2

0.2967 1×10-13
62.76
-13
0.0011 1×10
62.76
-14
0.00952 1.225×10
87.5

NaAlSi3O8
C
(Mg2.5Fe2.5)Al2Si3O10(OH
)8
CaAl2Si2O8

0
0
0

1×10-12
1×10-12
1×10-13

67.83
67.83
62.76

9.8
9.8
151.6

0

1×10-12

67.83

9.8

KAlSi3O8
FeS2
NaCl
MgCO3
Fe3O4
FeCO3
KCl
UO2CO3

0
0
0
0
0
0
0
0

1×10-12
1×10-11
1×10-13
4.571×10-10
1×10-13
1.26×10-9
1×10-12
1×10-13

67.83
62.76
67.83
23.5
67.83
62763
67.83
67.83

9.8
12.87
9.8
9.8
12.87
9.8
9.8
9.8

UO2
-

0
0.15

1×10-13
-

67.83
-

9.8
-

Anorthite
K-feldspar
Pyrite
Halite
Magnesite
Magnetite
Siderite
Syvlite
Rutherford
ine
Uraninite
Porosity

52.2
66.2
At
equilibrium

22

Sandstone unit
mineral
composition

Volume
faction

K25(mol/m2
s)

Ea (kJ/mol)

Am (cm2/g)

Fe2O3
CaSO4

0.0114
0.0028

2.514×10-15
At
equilibrium

66.2
At
equilibrium

KAlSi3O8
(Mg2.5Fe2.5)Al2Si3O10(OH
)8
KAl2(AlSi3O10)(OH)2
SiO2

0.01
0.0003

1×10-12
1×10-13

67.83
62.76

12.87
At
equilibriu
m
9.8
151.6

0.0183
0.7542

1×10-13
1.258×10-14

62.76
87.5

151.6
9.8

NaAlSi3O8
C
Al2Si2O5(OH)4
CaAl2Si2O8

0
0
0
0

1×10-12
1×10-12
1×10-13
1×10-12

67.83
67.83
62.76
67.83

9.8
9.8
151.6
9.8

Calcite

CaCO3

0

At
equilibrium

At
equilibrium

Dolomite
Pyrite
Halite
Magnesite
Magnetite
Siderite
Syvlite
Rutherford
ine
Uraninite
porosity

CaMg(CO3)2
FeS2
NaCl
MgCO3
Fe3O4
FeCO3
KCl
UO2CO3

0
0
0
0
0
0
0
0

2.951×10-8
1×10-11
1×10-13
4.571×10-10
1×10-13
1.26×10-9
1×10-12
1×10-13

52.2
62.76
67.83
23.5
67.83
62763
67.83
67.83

At
equilibriu
m
9.8
12.87
9.8
9.8
12.87
9.8
9.8
9.8

UO2
-

0
0.2

1×10-13
-

67.83
-

9.8
-

Primary
Hematite
Anhydrite
K-feldspar
Chlorite
Muscovite
Quartz
Secondary
Albite
Graphite
Kaolinite
Anorthite
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Basement unit
mineral
composition

Volume
faction

K25(mol/m2
s)

Ea (kJ/mol)

Am (cm2/g)

CaSO4

0.0032

At
equilibrium

At
equilibrium

(Mg2.5Fe2.5)Al2Si3O10(OH
)8
Fe2O3
KAlSi3O8
KAl2(AlSi3O10)(OH)2
FeS2
SiO2

0.0056

1×10-13

62.76

At
equilibriu
m
151.6

0.0005
0.0484
0.3263
0.0001
0.5148

2.514×10-15
1×10-12
1×10-13
1×10-11
1.258×10-14

66.2
67.83
62.76
62.76
87.5

12.87
9.8
151.6
12.87
9.8

NaAlSi3O8
CaAl2Si2O8

0
0

1×10-12
1×10-12

67.83
67.83

9.8
9.8

Calcite

CaCO3

0

At
equilibrium

At
equilibrium

Dolomite
Graphite
Halite
Kaolinite
Magnesite
Magnetite
Siderite
Syvlite
Rutherford
ine
Uraninite
porosity

CaMg(CO3)2
C
NaCl
Al2Si2O5(OH)4
MgCO3
Fe3O4
FeCO3
KCl
UO2CO3

0
0
0
0
0
0
0
0
0

2.951×10-8
1×10-12
1×10-13
1×10-13
4.571×10-10
1×10-13
1.26×10-9
1×10-12
1×10-13

52.2
67.83
67.83
62.76
23.5
67.83
62763
67.83
67.83

At
equilibriu
m
9.8
9.8
9.8
151.6
9.8
12.87
9.8
9.8
9.8

UO2
-

0
0.1

1×10-13
-

67.83
-

9.8
-

Primary
Anhydrite
Chlorite
Hematite
K-feldspar
Muscovite
Pyrite
Quartz
Secondary
Albite
Anorthite
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Fault zone
mineral

composition

Volum
e
faction

K25(mol/m
2
s)

Ea (kJ/mol)

Am (cm2/g)

Primary
Anhydrite

CaSO4

0.0032

At
equilibriu
m
1×10-13

At
equilibrium
62.76

At
equilibriu
m
151.6

2.514×10-

66.2

12.87

Chlorite
Hematite

(Mg2.5Fe2.5)Al2Si3O10(OH 0.0056
)8
Fe2O3
0.0005

K-feldspar
Muscovite
Pyrite
Quartz

KAlSi3O8
KAl2(AlSi3O10)(OH)2
FeS2
SiO2

0.0494
0.3263
0.0001
0.5148

1×10-12
1×10-13
1×10-11
1.258×10-

67.83
62.76
62.76
87.5

9.8
151.6
12.87
9.8

Secondary
Albite
Anorthite
Calcite

NaAlSi3O8
CaAl2Si2O8
CaCO3

0
0
0

67.83
67.83
At
equilibrium

Dolomite
Graphite
Halite
Kaolinite
Magnesite

CaMg(CO3)2
C
NaCl
Al2Si2O5(OH)4
MgCO3

0
0
0
0
0

1×10-12
1×10-12
At
equilibriu
m
2.951×10-8
1×10-12
1×10-13
1×10-13
4.571×10-

52.2
67.83
67.83
62.76
23.5

9.8
9.8
At
equilibriu
m
9.8
9.8
9.8
151.6
9.8

Magnetite
Siderite
Syvlite
Rutherfordin
e
Uraninite
porosity

Fe3O4
FeCO3
KCl
UO2CO3

0
0
0
0

1×10-13
1.26×10-9
1×10-12
1×10-13

67.83
62763
67.83
67.83

12.87
9.8
9.8
9.8

UO2
-

0
0.1

1×10-13
-

67.83
-

9.8
-
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14

10
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Table 1.4 Chemical components and minerals along with their associated reactions with methane
as a reducing agent (modified from Aghbelagh, 2016).
Table 1.4.1 Primary species
Primary species (components)
1 H+
2 HCO33 CH40 (aq)
4 H2 O
5 Ca2+
6 Cl7 Fe2+
8 Mg2+
9 Na+
10 SiO2 (aq)
11 SO4212 AlO213 K+
14 UO22+
Table 1.4.2 Secondary species with their associated reactions when assuming methane as a
reducing agent (modified from Aghbelagh, 2016).
Secondary species (components)
Chemical reactions
1 OH
OH- + H+ ↔ H2O
2 HCl (aq)
HCl ↔ H+ + Cl3 CO2 (aq)
CO2 + H2O ↔ H+ + HCO324 CO3
CO32- + H+ ↔ HCO35 HSO4HSO4- ↔ H+ + SO426 H2S (aq)
H2S + H2O + HCO3- ↔ H+ + CH4(aq) + SO427 HSiO3
HSiO3- + H+ ↔ H2O + SiO2 (aq)
8 HFeO2HFeO2- + 3H+ ↔ Fe2+ +2H2O
9 NaOH (aq)
NaOH + H+ ↔ Na+ + H2O
10 NaCl (aq)
NaCl ↔ Na+ + Cl11 NaHCO3 (aq)
NaHCO3 ↔ HCO3- + Na+
12 NaHSiO3 (aq)
NaHSiO3 + H+ ↔ H2O + Na+ + SiO2 (aq)
13 KOH (aq)
KOH + H+ ↔ K+ + H2O
14 KCl (aq)
KCl ↔ K+ + Cl15 KSO4
KSO4- ↔ K+ + SO4216 KHSO4 (aq)
KHSO4 ↔ H+ + K+ + SO4217 CaCl+
CaCl+ ↔ Ca2+ + Cl18 CaCl2 (aq)
CaCl2 ↔ Ca2+ + 2Cl19 CaCO3 (aq)
CaCO3 + H+ ↔ Ca2+ + HCO326

20
21
22
23
24
25
26
27

CaHCO3 ↔ Ca2+ + HCO3CaSO4 ↔ Ca2+ + SO42MgOH+ + H+ ↔ Mg2+ + H2O
MgO + 2H+ ↔ Mg2+ + H2O
MgCl+ ↔ Mg2+ + ClMgCO3 + H+ ↔ Mg2+ + HCO3MgHCO3+ ↔ Mg2+ + HCO3U3+ + 3/8 HCO3- + 7/8H2O ↔ UO22+ + 3/8CH4 +
5/8H+
U4+ + 1/4 HCO3- + 5/4H2O ↔ UO22+ + 1/4CH4 +
7/4H+
UO2(CO3)22- + 2H+ ↔ UO22+ + 2HCO3UO2Cl+ ↔ UO22+ + ClUO2Cl2 ↔ UO22+ + 2ClUO2CO3 + H+ ↔ UO22+ + HCO3UO2SO4 ↔ UO22+ + SO42AlOH2+ + H2O ↔ 3H+ + AlO2HAlO2 ↔ H+ + AlO2Al3+ + 2H2O ↔ 4H+ + AlO2NaAlO2 ↔ Na+ + AlO2AlSO4+ + 2H2O ↔ SO42- + 4H+ + AlO2FeCl2+ + 1/8CH4 + 3/8H2O ↔ Fe2+ + 1/8HCO3- +
9/8H+ + 2ClFeOH+ + H+ ↔ Fe2+ + H2O
FeO + 2H+ ↔ Fe2+ + H2O
FeCl+ ↔ Fe2+ + ClFeCl2 ↔ Fe2+ + 2ClFeHCO3+ ↔ Fe2+ + HCO3Fe3+ + 3/8H2O + 1/8CH4↔ Fe2+ + 9/8H+ + 1/8
HCO3HS- + HCO3- + H2O = SO42- + CH4

CaHCO3 (aq)
CaSO4 (aq)
MgOH+
MgO (aq)
MgCl+
MgCO3 (aq)
MgHCO3+ (aq)
U3+

28 U4+
29
30
31
32
33
34
35
36
37
38
39

UO2(CO3)22UO2Cl+
UO2Cl2 (aq)
UO2CO3 (aq)
UO2SO4 (aq)
AlOH2+
HAlO2 (aq)
Al3+
NaAlO2 (aq)
AlSO4+
FeCl2+

40
41
42
43
44
45

FeOH+
FeO (aq)
FeCl+
FeCl2 (aq)
FeHCO3+
Fe3+

46 HS-

Table 1.4.3 Minerals along with their associated reactions when assuming methane as a reducing
agent (modified from Aghbelagh, 2016).
Mineral
1 Graphite
2 Halite
3 Albite
4 Sylvite
5 K-feldspar
6 Muscovite

Chemical reactions
C + 3/2 H2O ↔ 1/2 H++ HCO3- + 1/2 CH40
NaCl ↔ Na+ + ClNaAlSi3O8 ↔ Na+ + 3SiO2 (aq) + AlO2KCl ↔ K+ + ClKAlSi3O8 ↔ K+ +3SiO2 (aq) + AlO2KAl2(AlSi3O10)(OH)2 ↔ K+ +3SiO2 (aq) + 3AlO2- + 2H+
27

7
8
9
10
11
12

Calcite
Dolomite
Anhydrite
Anorthite
Magnesite
Chlorite

13
14
15
16
17
18
19

Uraninite
Rutherfordine
Kaolinite
Hematite
Magnetite
Siderite
Pyrite

20 Quartz

CaCO3 + H+ ↔ Ca2+ + HCO3CaMg(CO3)2 + 2H+ ↔ Ca2+ + Mg2+ + 2HCO3CaSO4 ↔ Ca2+ + SO42CaAl2Si2O8 ↔ Ca2+ + 2SiO2 (aq) + 2AlO2MgCO3 + H+ ↔ HCO3- + Mg2+
(Mg2.5Fe2.5)Al2Si3O10(OH)8 + 8H+ ↔ 3SiO2 (aq) + 5/2Fe2+ +
5/2Mg2+ + 8H2O + 2AlO2UO2 + 1/4HCO3- + 9/4H+ ↔ (UO2)2+ + 3/4H2O + 1/4 CH40 (aq)
UO2CO3 + H+ ↔ UO22+ + HCO3Al2Si2O5(OH)4 ↔ 2H+ + 1/2O2(aq) + 2Fe2+
Fe2O3 + 15/4H+ + 1/4 CH4 ↔ 2Fe2+ + 1/4HCO3- + 9/4H2O
Fe3O4 + 23/4H+ + 1/4 CH4 ↔ 3Fe3+ + 1/4HCO3- + 13/4H2O
FeCO3 + H+ ↔ Fe2+ + HCO3FeS2 + 11/4H2O + 7/4HCO3- ↔ 2SO42- + 1/4H+ + Fe2+ + 7/4
CH4
SiO2 ↔ SiO2 (aq)
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Figure 1.1 Location of URU deposits in the Athabasca basin and major tectonic elements in the
northern-western Canadian Shield. Two major orogenic belts mentioned in the paper, are called
Taltson magmatic zone and Thelon tectonic zone, and are circled in the figure. STZ = snowbird
tectonic zone (modified from Jefferson et al., 2007).
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Figure 1.2 Map showing the location of sub-basins, major faults and diabase dikes in the
Athabasca Basin (modified from Jefferson et al., 2007).
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Figure 1.3. a) the diagram showing lithostratigraphic cross-section of the Athabasca Basin
derived from Jefferson et al. (2007). Line of section is shown as NW-SE in Figure 1.2. b) the
diagram showing diagrammatic structural cross-section south of Key Lake derived from
Jefferson et al. (2007). The eastern Athabasca basin where unconformity overlies the WollastonMudjatik transition zone is the most economically productive area. Line of section is shown as
W-E in Figure 1.2.
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Chapter 2 Effects of uranium source location and fault location on unconformity-related
uranium deposits
2.1 Introduction
Understanding the source of uranium is a critical issue in ore formation studies. The
sedimentary basin is considered as a potential uranium source where uranium is leached by basinal
fluid and then carried to the basement to react with reduced lithology/basement fluid (for example,
Raffensperger and Garven, 1995b; Fayek and Kyser, 1997; Cuney, 2005). While Hecht and Cuney
(2000) suggest that uranium can originate from the metamorphic basement. Downwelling oxidized
fluid from the sandstone unit first migrates to the basement region and releases uranium from
source minerals. Uranium carrying fluid then is mixed with reduced fluid to form deposits. Other
than uraninite deposition, several minerals are altered during diagenesis. Mineral alteration
associated with ore formation creates halos surrounding deposits which commonly include
muscovite, chlorite, hematite, quartz, and pyrite (Raffensperger and Garven, 1995b; Cloutier et al.,
2009; Aghbelagh and Yang, 2014 and 2017).
Other than uranium source, the fault as a key feature also controls ore formation. Previous
numerical studies by Aghbelagh and Yang (2014, 2017) only considered a fixed location for the
fault zone.
This chapter investigates the effect of uranium source location and fault location on
uraninite precipitation and evaluates whether the sandstone- or basement-hosting uranium source
is more favorable for the formation of URU deposits.
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2.2 Conceptual model
2.2.1 Model geometry
As mentioned in Chapter 1, the conceptual model considered common features in the
Athabasca Basin (e.g., Aghbelagh and Yang, 2014, 2017). The model has a dimension of 5 km ×
6 km. The vertical dimension extends from 3 km depth to 8 km depth. There are four major
hydrostratigraphic units: a 2 km thick metamorphic basement unit at the bottom, a 2 km thick
sandstone layer at the middle, and a 1 km thick confining cover at the top, and a 45 ˚ left dipping
graphitic fault. The unconformity unit is set to be at 6 km depth according to the temperature
history of the basin (Kotzer and Kyser 1995). The model area is discretized into 6400 quadrilateral
integral finite difference (IFD) elements.
Four scenarios are considered as follows:
Scenario 1: The fault is located in the middle of the sandstone and basement unit that also
straddles the midpoint of the unconformity interface (Fig. 2.1a). Consider the sandstone as a
uranium source.
Scenario 2: The fault is located in the middle of the sandstone and basement unit that also
straddles the midpoint of the unconformity interface (Fig. 2.1a). Consider the basement as a
uranium source.
Scenario 3: Most of the fault is rooted in the basement unit (Fig. 2.1c). Consider the
sandstone as a uranium source.
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Scenario 4: Most of the fault is rooted in the basement unit (Fig. 2.1c). Consider the
basement as a uranium source.

2.2.2 Integration and analysis of existing data
Previous studies by Aghbelagh and Yang (2014, 2017) successfully simulated URU
deposits under different controlling factors, which means their physical and geochemical data were
well tested and will be used in this study. Some modifications regarding (UO2)2+ initial
concentrations were made depending on each specific case (see Table 2.1). A more detailed list of
the physical and geochemical data and chemical reactions involved in this study can be found in
Chapter 1.

2.3 Results
2.3.1 Scenario 1
The initial concentration of (UO2)2+ in the sandstone unit is assumed to be 1.0E-4 mol/L,
and in the basement unit is 8.2E-11 mol/L.
Figure 2.2a and Figure 2.3a show the temperature profile and fluid flow pattern throughout
the model area at 300,000 years and 500,000 years, respectively. Both figures have similar fluid
flow and temperature distributions. There are two major convection cells and three minor
convection cells developed within the sandstone unit. All the convection cells contribute to the
mass and heat transfer within the sandstone unit and the basement unit. The major convection cell
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in the footwall side of the fault has a larger size than the major convection cell in the hanging wall
which causes the major deposits occurred below the unconformity on the footwall side of the fault.
Flow direction at most of the uniformity interface is nearly horizontal which indicates almost no
fluid exchange between the sandstone and the basement unit. The place where the unconformity
interface intersects with the fault zone shows upwelling and downwelling flow direction (Figures
2.2b, 2.3b), suggesting the fault is also responsible for the fluid exchange between upper and lower
units.
The temperature distribution profile is also displayed in Figures 2.2a and 2.3a for 300,000
years and 500,000 years, respectively. The initial temperature distribution shows in Figure 1b. In
comparison to Figure 2.2a and 2.3a, the fluid convection results in an increase in temperature
within most of the sandstone unit and decrease in temperature within the upper part of the basement
unit after 300,000 years and 500,000 years. At both times, uraninite precipitated at the area around
190 oC which in agreement with the statement that uranium deposition within the Athabasca Basin
initiates from 200 oC (Renac et al., 2002; Aghbelagh and Yang, 2014). Mineral formations largely
depend on temperature so that it could control the time and the amount of uranium deposition
(Aghbelagh and Yang, 2014, 2017).
UO22+, which is leached out from the sandstone unit by the two major convection cells,
transports through the unconformity to the basement and reacts with the basement
lithology/reduced basement fluid. The fracture zone focuses the basinal brines and basement fluid,
leading to uraninite deposition (Cloutier et al., 2009; Aghbelagh and Yang, 2017). The first
considerable uranium deposition occurs at 300,000 years right underneath the fault plane. The
maximum uraninite volume fraction is 0.00479 (Figure 2.2c). At 500,000 years, uraninite
precipitated at two places, where the main deposits are formed underneath the footwall side
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dominant downwelling center, away from the fault zone within the basement unit within the
highest uraninite volume fraction of 0.00906 (Figure 2.3). Some minor deposits formed underneath
the fault zone and surround the main deposits with volume fraction mostly ranges from 0.0030.0045.
K-feldspar dissolution
KAlSi3O8 ↔ K+ + 3SiO2 (aq) + AlO2-

(2.1)

Muscovite precipitation
K+ + 3SiO2 (aq) + 3AlO2- + 2H+ ↔KAl2(AlAi3O10)(OH)2

(2.2)

Kaolinite precipitation
2 SiO2 (aq) + 2AlO2- +2H+ + H2O ↔ Al2Si2O5(OH)4

(2.3)

Minerals assemblage for the alteration halos that are associated with URU deposits are
different from basin to basin, but muscovite, chlorite, hematite, quartz and pyrite is commonly
found minerals (Aghbelagh and Yang, 2017). Figures 2.4a-h show the mineral alteration at
500,000 years. Figure 2.4a shows the K-feldspar volume fraction profile. K-feldspar dissolution
(reaction 2.1) pervasively occurs in the basement unit below the fault and underneath the dominant
downwelling centre on both side of the fault, which releases K+, SiO2 (aq) and AlO2-, and allows
muscovite precipitation through reaction 2.2. Muscovite dissolution occurs mainly along the fault
zone and right on the unconformity interface (Figure 2.4b); whereas muscovite precipitation occurs
below the interface and at the same place as where intensive k-feldspar dissolution occured.
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Kaolinite precipitation also accompanies K-feldspar dissolution and it located at the same location
as where muscovite dissolved (reaction 2.3) (Figure 2.4c).
Pyrite dissolution
FeS2 + 11/4 H2O + 7/4 HCO3- ↔ Fe2+ + 2SO42- + 1/4 H+ + 7/CH4

(2.4)

Hematite precipitation
2Fe2+ +1/4 HCO3- + 9/4H2O ↔ Fe2O3 + 15/4 H+ + 1/4CH4

(2.5)

Magnetite precipitation
3Fe2+ + 3H2O + 1/2O2 (aq) ↔ Fe3O4 + 6H+

(2.6)

At 500,000 years, pyrite experiences dissolution that mainly occurs in the fault zone and
under the unconformity interface (reaction 2.4) (Figure 2.4d). Large amounts of Fe2+ are released
by pyrite dissolution to form hematite and magnetite (reaction 2.5 and 2.6) (Figures 2.4e, f). Both
hematite and magnetite precipitate underneath the unconformity interface. Specifically, most of
the hematite formed closer to the fault and magnetite formed right below the fault and away the
fault. Chlorite mainly dissolves under the unconformity interface close to two sides of the fault
(Figure 2.4g). Figures 2.4a and 2.4g indicate a mineral alteration pattern similar to that of the
Millennium deposit in the Athabasca Basin with pervasive muscovite alteration and minor chlorite
alteration (Cloutier et al., 2009). Other deposits in the basin have predominant chlorite and
muscovite alteration (Cloutier et al., 2009).
Graphite dissolution
C + 3/2 H2O ↔ 1/2 H++ HCO3- + 1/2 CH40 (aq)

(2.7)
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Uraninite reduction
(UO2)2+ + 3/4 H2O +1/4 CH40 (aq) ↔ UO2 + 1/4 HCO3- + 9/4 H+

(2.8)

The dissolution of graphite in the fault zone (reaction 2.7) (Figure 2.4h) releases liquid methane
as a reductant to form uraninite, following the reaction 2.8.

2.3.2 Scenario 2
The initial concentration of UO22+ in the basement unit is set to 1.0E-4 mol/L, while the
sandstone layer is assigned a UO22+ concentration of 8.2E-11 mol/L.
Figures 2.5a and 2.6a show the fluid flow pattern and temperature distribution at 300,000
years and 500,000 years. There are also two major and three minor convection cells developed in
the sandstone unit for the basement sourced model. More detailed fluid convection patterns are
demonstrated in Figures 2.5b and 2.6b. The footwall side major convection cell is also larger than
the hangingwall side major convection cell. Convection cells in the sandstone unit bring oxidized
basinal fluid to the basement unit and thus leach UO22+ from uranium-bearing minerals in the
basement (Hecht and Cuney, 2000; Cloutier et al., 2009).
Uraninite starts to deposit at 300,000 years where the highest volume fraction is 0.00338
(Figure 2.5c). While, at 500,000 years, the main deposit with the volume fraction of 0.00962 is
formed away from the fault and beneath the dominant downwelling center in the basement (Figure
2.6c). Minor deposits are formed right below the fault zone and around the main deposit with a
uraninite volume fraction of 0.3-0.45%.
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Figures 2.7a-h show volume fraction of altered minerals at 500,000 years. K-feldspar
dissolution occurs near the unconformity interface and beneath the fault (Figure 2.7a). As a result,
muscovite and kaolinite precipitation occurs right below the unconformity interface on both sides
of the fault (Figures 2.7b, c). Moreover, muscovite dissolved at the same place as kaolinite
precipitated. Kaolinite also precipitates in the confining unit. Pyrite at the fault zone and below the
unconformity where surrounding the ore deposits experiences dissolution (Figure 2.7d).
Consequently, hematite and magnetite precipitate underneath the interface (Figures 2.7e, f). Figure
2.7g shows chlorite dissolution in the basement below the unconformity interface. Graphite in the
fault zone also dissolves (Figure 2.7h).

2.3.3 Scenario 3
The sandstone unit serves as the uranium source with the initial concentration of UO22+ set
to 1.0E-4 mol/L. For the basement unit, UO22+ has an initial concentration of 8.2E-11 mol/L.
When the fault is mostly rooted in the basement unit, fluid convection cells within the
sandstone unit are less disturbed by the fault, thus forming a nearly symmetrical pattern at either
300,000 years or 500,000 years (Figures 2.8 and 2.9). Two equally sized main convection cells
and two equally sized minor convection cells develop in the sandstone unit. There is almost no
fluid exchange between the sandstone and basement unit except the upward and downward fluid
flow in the fault zone (Figures 2.8b and 2.9b). At 300,000 years, uraninite starts to precipitate right
below the fault zone where the highest volume fraction is 0.00344 (Figure 2.8c). At 500,000 years,
more uraninite deposits are formed under the fault zone and below the unconformity interface with
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the maximum volume fraction of 0.0112 (Figure 2.9c). Uraninite deposits are mainly formed near
the fault zone, and only minor deposits are formed far away from the fault zone,
Figures 2.10a-h show alteration minerals associated with the ore formation at 500,000
years. K-feldspar dissolution mainly occurs at the unconformity interface and near the fault zone
(Figure 2.10a). Muscovite shows a similar trend as K-feldspar. Kaolinite precipitate at the same
location where k-feldspar and muscovite dissolves (Figures 2.10 b and c). Pyrite dissolves under
the unconformity surface and surrounding the uraninite deposits to provide Fe2+ for hematite and
magnetite precipitation (Figures 2.10 d, e, and f). Chlorite dissolution occurs right beneath the
unconformity and near the fault zone (Figure 2.10g). Figure 2.10h shows graphite dissolution in
the fault zone.

2.3.4 Scenario 4
This scenario considers the basement unit as a uranium source when the fault is mostly
rooted in the basement unit. UO22+ in the basement unit (1.0E-4 mol/L) has a much higher initial
concentration than in the sandstone unit (8.2E-11 mol/L).
Figures 2.11 and 2.12 show the resulting temperature profile and fluid flow, detailed flow
pattern in the fault zone and uraninite deposits at 300,000 years and 500,000 years, respectively.
Tmeperature distribution and fluid flow patterns are also nearly symmetrical about the fault. An
equally sized major convection cell formed near the fault on each side of the fault in the sandstone
unit. Also, two minor convection cells developed near two margins of the sandstone unit (Figures
2.11a and 2.12a). Nearly no fluid exchange occurs over the uniformity interface except in the fault
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zone (Figures 2.11b and 2.12b). Figure 2.11c shows uraninite deposits formed underneath the fault
zone at 300,000 years and the highest volume fraction is 0.00384. At 500,000 years, more uraninite
deposits are formed close to the fault zone and underneath the unconformity interface, and away
from the fault zone (Figure 2.12c). The maximum uraninite fraction is 0.0113. Major deposits are
mainly concentrated near the fault zone, and minor deposits are formed around major deposits or
underneath the two dominant downwelling centers in the basement unit. Temperature distribution
and resulted uraninite deposits suggests that uraninite tends to form when temperature ranges from
175 to 200 degrees Celsius.
Alteration mineral assemblages are similar to those in previous scenarios. K-felspar
dissolution associated with muscovite dissolution and precipitation, and kaolinite precipitation at
the unconformity interface and surrounding deposits (Figures 2.13a, b, and c). Figures 2.13d, e,
and f show pyrite dissolution and hematite and magnetite precipitation that are mainly distributed
underneath the unconformity interface and surrounding the deposits. The chlorite dissolution
pattern is similar to the muscovite dissolution pattern (Figure 2.13g). Graphite dissolves in the
fault zone (Figure 2.13h).

2.4 Discussion
Temperature distributions and fluid flow patterns are nearly identical for the sandstonesourced models and the basement-sourced models due to the same model geometry. Also, the
sandstone sourced and basement sourced model with the same conceptual model have deposits at
similar locations within the basement unit.
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The source location does not have significant impaction on temperature distribution and
fluid flow patterns. However, it could affect the uraninite deposit’s location. Comparing Figures
2.3c with 2.6c, and Figures 2.9c with 2.12c indicates that the amount of uraninite deposits for the
basement-sourced scenarios is always larger than that of the sandstone-sourced scenarios. But,
both sandstone-sourced and basement-sourced model could generate significant amount of
deposits. The fault location could largely affect the free convection within the sandstone unit,
therefore rearranges temperature distribution and fluid flow patterns. Comparing results for
scenario 1 and 2 (Figure 2.2, 2.3, 2.5 and 2.6) with scenario 3 and 4 (Figure 2.8, 2.9, 2.11 and
2.12), it could be found that uranium deposits tend to form at two locations: right below the fault
zone and underneath the sandstone unit dominant downwelling center. All the deposits are located
in the basement unit which in consistent with known URU deposits in the Athabasca Basin.
Because the fault zone has larger permeability than surrounding units, it allows fluid could easily
migrate upward and downward for mixing. Depending how much the fault extends to the sandstone
unit, its effect on free convections is various. When the fault located at the middle of the sandstone
and basement unit, free convections within the sandstone unit are largely disturbed by fluid
convection within the fault zone, thus the largest dominant convection cell formed on the footwall
side of the fault. And the dominant convection cell mainly responsible for ore formation. While,
when the fault mostly rooted in the basement unit, fluid convection within the fault zone has much
stronger effect on uraninite deposition than free convections within the sandstone, Only large
convection cells are able to carry enough amount of oxidized basin fluid and penetrate to a deeper
depth than minor convection cells so that induce fluid mixing. Deposits are tending to form
underneath the fault zone in the basement.
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Again, alteration minerals exist in the form of alteration halos surround the uranium
deposits. From simulation results, alteration minerals also have similar patterns as deposited
uraninite. Their dissolution and/or precipitation locations always associate with the place that has
fluid mixing occurred, so that further verified the importance of fault zone fluid convection and
free concentrations. For example, kaolinite precipitates at the same location as K-feldspar
dissolution and muscovite dissolution that happened right below the unconformity interface,
underneath the dominant downwelling center and near the fault zone. Mineral alterations mostly
occur in a slightly shallower depth than uraninite deposits. Moreover, the location of the altered
minerals varies from case to case, corresponding to the change in location of the URU deposits
(Figures 2.4, 2.7, 2.10, and 2.13).
Figures 2.20 a, e and c, g show UO22+ concentration at 500,000 years for the sandstonesourced and the basement-sourced models, respectively. When the sandstone unit serves as a
uranium source, basin fluid carries UO22+ to the basement unit so that it allows uraninite to
precipitate therein. The concentration of (UO2)2+ is relatively higher surrounding the deposits than
at the deposits (Figures 2.20a, e, and i). On the other hand, a large amount of UO22+ initially exists
in the basement unit for basement-sourced scenarios but is consumed at the location of the deposits
at 500,000 years (Figures 2.20c, g, k). As mentioned before, graphite dissolution releases aqueous
methane that is carried by basin fluid to the basement unit (Figures 2.20b, d, f, and h). Methane
concentration is relatively high away from the deposits in the basement unit, while it is relatively
low at the location of the deposits since methane is consumed as a reductant for ore genesis.
Moreover, regardless of where the uranium is sourced, uraninite always tends to precipitate in an
acidic environment (Figures 2.21a, c, e, and g). For the fault zone, it is originally set to have a
lower pH since the nature. After 500,000 years, the fault zone and some places below the dominant
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downwelling centers always have lower pH than surrounding. Especially, the top of the fault even
has much lower pH than other part of the fault. Those region with low pH has similar patterns as
muscovite dissolution, kaolinite precipitation, pyrite dissolution, and magnetite precipitation
patterns which is reasonable because those alteration involve H+ in reactions. Resulted alteration
minerals pattern confirmed the statement that acidic environment could control host rock alteration
mineral assemblages (Hoeve and Quirt, 1987). Also, the oxygen fugacity is reduced under the fault
and dominant downwelling centers where deposits located (Figure 2.21b, d, f, and h). That further
proves uraninite forming process consumed large amount of oxygen,
Based on these numerical results, the basement-sourced scenarios favor the formation of
more and large uraninite deposits. When the basement serves as a uranium source, (UO2)2+ is just
ready to be reduced by CH40 (aq) to form uranium deposits, because it does not need to transport
in a long distance such from sandstone to the basement and then traps. Besides, although results
suggested preference in source location for larger deposits, the variation in amount of deposits
does not have huge difference, since the nature of ore formation is fluid mixing between two units
and further redox reactions. Oxidized basin fluid needs to be carried to the basement unit no matter
where the source originated.
The overall altered minerals show a similar pattern that they usually occur at places that
experienced fluid mixing and those minerals dissolution and/or precipitation tends to locate in a
shallower depth in the basement unit than uraninite deposits for most of the cases.

2.5 Conclusion
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This chapter conducted a reactive flow simulation to investigate the effects of the uranium
source location and fault location.
From the source location aspect, results suggest that the basement-sourced scenarios are
slightly more favorable for the formation of larger uranium deposits, although the sandstonesourced models can also form considerable deposits. With the basement as the source, aqueous
uranium is more ready to reach structural traps in the basement and then reduced to precipitate
uraninite. With the sandstone as the source, in contrast, aqueous uranium needs to be first carried
by the basin convection cells to the basement, and then transports to traps for further reduction. It
is also noticed that both the sandstone-sourced and basement-sourced models all produce the
basement-hosted URU deposits. Overall, capability for forming considerable deposits between the
sandstone and basement unit is subtle, the source location may not be a good indicator for
economical URU deposits. Fault location could affect free convections within the sandstone unit
and fluid convection in the fault zone. Dominant convection cells in the sandstone and fluid
convection within the fault zone mainly responsible for fluid mixing between the sandstone and
basement unit. As a result, when fault in the middle of the sandstone and basement, deposits are
mainly formed away from the fault zone, underneath the dominant downwelling centre. Minor
deposits formed below the fault (scenario 1 and 2). When the fault is rooted more in the basement
unit like in scenario 3 and 4, main deposits formed under the fault and minor deposits formed
under the dominant downwelling centre.
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Table 2.1 Initial condition of the UO2+2 associated with the sandstone unit and the basement unit
used in different scenarios.

•

Scenario

Fault location

U source

1

Straddles unconformity

Sandstone

2

Straddles unconformity

Basement

3

Basement

Sandstone

4

Basement

Basement

5

Sandstone

Sandstone

6

Sandstone

Basement

All other physical properties, initial conditions of the aqueous phase involved in the stud,
and initial mineral fraction could be fined in Chapter 1 table 1.1, 1.2 and 1.3.
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Figure 2.1 (a) Conceptual model and (b) initial temperature distribution for scenario 1 and 2, (c)
conceptual model and (d) initial temperature distribution for scenario 3 and 4. Olive area represents
the confining cover, purple area represents the sandstone unit, pink area represents the basement
and green area represents the fault zone. Modified from Aghbelagh and Yang (2017).
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Figure 2.2 Scenario 1: (a) The temperature distribution and fluid flow pattern, (b) a detailed flow
pattern for the fault zone, and (c) uraninite volume fraction at 300,000 years.
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Figure 2.3 Scenario 1: (a) The temperature distribution and fluid flow pattern, (b) a detailed
flow pattern for the fault zone, and (c) uraninite volume fraction at 500,000 years.
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Figure 2.4 Scenario 1: volume fraction of alteration minerals at 500,000 years. (a) K-feldspar, (b)
muscovite, (c) kaolinite, (d) pyrite, (e) hematite, (f) magnetite, (g) chlorite, and (h) graphite.
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Figure 2.5 Scenario 2: (a) The temperature distribution and fluid flow pattern (b) a more detailed
flow pattern diagram for the fault area, and (c) uraninite fraction at 300,000 years.
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Figure 2.6 Scenario 2: (a) Temperature distribution and fluid flow pattern, (b) More detailed flow
pattern for the fault area, and (c) Uraninite fraction at 500,000 years.
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Figure 2.7. Scenario 2: volume fractions of alteration minerals at 500,000 years. (a) K-feldspar,
(b) muscovite, (c) kaolinite, (d) pyrite, (e) hematite, (f) magnetite, (g) chlorite, and (h) graphite.
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Figure 2.8 Scenario 3: (a) The temperature distribution and fluid flow pattern (b) a more detailed
flow pattern diagram for the fault, and (c) uraninite fractionation at 300,000 years.
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Figure 2.9 Scenario 3: (a) The temperature distribution and fluid flow pattern (b) a more detailed
flow pattern diagram for the fault, and (c) uraninite fraction at 500,000 years.
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Figure 2.10 Scenario 3: volume fraction of alteration minerals at 500,000 years. (a) K-feldspar,
(b) muscovite, (c) kaolinite, (d) pyrite, (e) hematite, (f) magnetite, (g) chlorite, and (h) graphite.
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Figure 2.11 Scenario 4: The temperature distribution and fluid flow pattern (b) a more detailed
flow pattern diagram for the fault, and (c) uraninite fractionation at 300,000 years.
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Figure 2.12 Scenario 4: The temperature distribution and fluid flow pattern (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite fraction at 500,000 years.
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Figure 2.13 Scenario 4: volume fraction of alteration minerals at 500,000 years. (a) K-feldspar,
(b) muscovite, (c) kaolinite, (d) pyrite, (e) hematite, (f) magnetite, (g) chlorite, and (h) graphite.
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Figure 2.14 Concentration of UO22+ and CH4 (aq) at 500, 000 for scenario 1 (a) and (b); (c) and
(d) scenario 2; (e) and (f) scenario 3; and (g) and (h) scenario 4.
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Figure 2.15 pH regime and variation of oxygen fugacity at 500,000 years for scenario 1 (a) and
(b); (c) and (d) scenario 2; (e) and (f) scenario 3; and (g) and (h) scenario 4.
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Chapter 3 Effect of dip of the fault on unconformity-related uranium deposits
3.1 Introduction
Faults represent one of the most significant factors that control the mineralization and
location of URU deposits (for example, Aghbelagh and Yang, 2017; Li et al., 2016). Previous
studies reveal that URU deposits are formed either near or away from the fault zone depending on
various situations (for example, Jefferson et al., 2007; Aghbelagh and Yang, 2014 and 2017). The
numerical study by Aghbelagh and Yang (2014, 2017), however, only considered a vertical fault
and a fault with 45 degrees angle of dip. This chapter expands the previous study by considering
more dip angles for the fault.

3.2 Conceptual model
All the physical and chemical conditions remain the same as datasets listed in chapter 1
except the fault dip angles. As illustrated in Figure 3.1, the fault zone straddles the midpoint of the
unconformity interface, dipping to the left. The sandstone unit serves as the uranium source.

Four scenarios are considered as follows:
Scenario 1: The fault has a 75o angle of dips (Figure 3.1a).
Scenario 2: The fault has a 60o angle of dips (Figure 3.1c).
Scenario 3: The fault has a 45o angle of dips (Figure 3.1e).
Scenario 4: The fault has a 30 o angle of dips (Figure 3.1g).
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For all the scenarios, the initial concentration of (UO2)2+ is set to 1.0E-4 mol/L in the
sandstone unit.

3.3 Results
3.3.1 Scenario 1
One major convection cell and one minor convection cell develop on each side of the fault
in the sandstone unit for both 400,000 and 500,000 years (Figures 3.2a, 3.3a). These convection
cells are almost symmetrical about the fault. Downwelling parts of the convection cells slightly
penetrate the upper part of the basement unit. Around the fault zone, downwelling fluid flow occurs
near the footwall side and upwelling fluid flow occurs near the hanging wall side (Figures 3.2b,
3.3b). At 400,000 years, only one spot of uraninite deposit with a maximum volume fraction of
0.00382 is formed on the hanging wall side of the fault. The deposit is far away from the fault
(Figure 3.2c). At 500,000 years, however, one major deposit is formed on each side of the fault,
with some minor deposits formed below the unconformity interface. The distribution of these
deposits is nearly symmetrical about the fault, with a maximum uraninite volume fraction of
0.0139 (Figure 3.3c).

3.3.2 Scenario 2
Two major convection cells and two minor convection cells are developed in the sandstone
unit for both 400,000 years and 500,000 years (Figures 3.4a, 3.5a). Figures 3.4b and 3.5b show the
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upwelling and downwelling fluid flow in the fault zone, leading to the mixing of the oxidized
basinal fluid with the reduced basement fluid.
At 400,000 years, uraninite deposits with a maximum volume fraction of 0.00419 are
formed underneath the unconformity interface (Figure 3.4c). At 500,000 years more uraninite
deposits are formed with a maximum volume fraction of 0.00727 (Figure 3.5c). It can be seen that
the amount of deposits on the hanging wall side of the fault is more than the amount on the footwall
side, which is likely due to the slightly larger size of the downwelling flow on the left than on the
right.

3.3.3 Scenario 3
This scenario is identical to scenario 1 in Chapter 2 but showing in different times. At
400,000 and 500,000 years, two minor convection cells and one major convection cell develop in
the sandstone unit on the hangingwall side of the fault, and one major and one minor convection
cell develop on the other side (Figures 3.6a, 3.7a). Upwelling and downwelling fluid flow occur
in the fault zone (Figures 3.6b, 3.7b). Most of the deposits form in the footwall and far away from
the fault zone (Figures 3.6c and 3.7c). Only minor deposits form right below the fault zone. The
highest uraninite volume fraction is 0.00866 for 400,000 years and 0.00906 for 500,000 years.
Scenario 3 results matched results from the study by Aghlegh and young in 2017. They
also included the same scenario in their study. Consistent results verified this modeling work gives
robust and reliable results.

71

3.3.4 Scenario 4
As shown in Figure 3.1j, the fault is now much closer to the unconformity interface than
in other scenarios. The shallow angle of dips makes the fault elongated, narrower, and close to the
sub-horizontal.
Seven convection cells develop in the sandstone unit and all of them are similar in size
(Figures 3.8a, 3.9a). Horizontal fluid flow near the unconformity interface is disturbed by
downwelling fluid from the sandstone unit. The fault zone shows a chaotic fluid flow pattern for
both 400,000 years and 500,000 years. In this case, there is no considerable interaction of the basin
oxidizing fluid with the basement-derived reducing fluid. As a result, no uraninite deposits form
within the basement in either 400,000 years or 500,000 years. It is noticeable that small amount of
uraninite deposits with very low volume fraction (2.32E-06) precipitated above the sandstone unit
downwelling center near the interface between the confining and sandstone unit.

3.4 Discussion
In Scenarios 1 and 2, the fault dips 75˚and 60˚, respectively. The fluid flow and temperature
distribution are similar and almost symmetrical about the fault zone (Figures 3.2a, 3.3a, 3.4a, and
3.5a). As a result, the distribution of uraninite deposits is also nearly symmetrically about the fault
(Figures 3.2c, 3.3c, 3.4c, and 3.5c).
When the dip of the fault decreases to 45˚ in scenario 3, asymmetricity of the temperature,
fluid flow, and deposit distribution occurs (Figures 3.6a, c, and 3.7a, c). Main deposits are located
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away from the fault zone, below the unconformity interface, and on the footwall side of the fault
(Figures 3.6c, and 3.7c).
When the angle of dips further decreases to 30˚, such as in scenario 4, all the convection
cells are much smaller in size compared to those in other scenarios (Figures 3.7a and 3.8a). Also,
more convection cells are formed in scenario 4 than others. Those evenly distributed sandstone
unit small convection cells are not able to penetrate into the upper part of the basement unit, unlike
dominant convection cells in other scenarios. No significant fluid mixing occurs, and hence no
considerable uraninite deposits are formed in this scenario. Besides, the shallow angle of dips is
elongated, narrower, and closer to the unconformity interface (Figures 3.8a, b, and 3.9a, b). This
makes it even harder for fluid to circulate in the fault zone. For minor deposits located near the left
side of confining-sandstone interface, they are resulted of small amount of reducing fluid
originated from the confining unit reacting with basin fluids. However, the physicochemical
setting is not favor for economical deposits formation.

3.5 Conclusion
Modeling results suggest that fluid flow is very sensitive to the dips of the fault. The
subvertical fault tends to result in a symmetrical distribution of uranium deposits about the fault
with a considerable uraninite volume fraction. The 45˚ angle of dips can also lead to economic
uranium deposits that are mainly distributed on the footwall side of the fault underneath the
unconformity interface in the basement unit. Both the subvertical and 45˚ dips of the fault can
produce economical deposits. However, the 30˚ angle of dips cannot produce any deposits.
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Figure 3.1 (a) Conceptual models and (b) temperature profile for scenario 1. (c) Conceptual
models and (d) temperature profile for scenario 2. (e) Conceptual models and (f) temperature
profile for scenario 3. (g) Conceptual models and (h) temperature profile for scenario 4.
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Figure 3.2 Scenario 1: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fractionation at 400,000
years.
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Figure 3.3 Scenario 1: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fractionation at 500,000
years.
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Figure 3.4 Scenario 2: (a) The temperature profile and fluid flow pattern, (b) a more detailed
flow pattern diagram focusing on the fault, and (c) uraninite volume fractionation at 400,000
years.
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Figure 3.5 Scenario 2: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fraction at 500,000 years.
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Figure 3.6 Scenario 3: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fraction at 400,000 years.
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Figure 3.7 Scenario 3: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fraction at 500,000 years.
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Figure 3.8 Scenario 4: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fraction at 400,000 years.
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Figure 3.9 Scenario 4: (a) The temperature distribution and fluid flow pattern, (b) a more
detailed flow pattern diagram for the fault, and (c) uraninite volume fraction at 500,000 years.
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CHAPTER 4 Conclusions, Significance and Future Work
4.1 Conclusions
This thesis investigated the effect of uranium source location, fault location, and dip of the
fault on the formation of URU deposits through reactive mass transport modeling on a variety of
numerical case studies subject to different hydrodynamic and chemical conditions.
Numerical case studies in Chapter 2 suggest that the basement-sourced models are
preferable to form larger considerable deposits because of the shorter transportation distance of
the uranium-carrying fluid to the chemical trap. Numerical results indicate that the scenarios with
the basement unit serving as a uranium source consistently result in slightly more, larger and
higher-grade uranium deposits than those with the sandstone layer as a uranium source. The
numerical results also confirm that both the sandstone-sourced and the basement-sourced setting
can produce considerable deposits; but the basement-sourced scenarios always have higher
production under the same depositional conditions. Such a small difference in resulted deposits for
sandstone-sourced and basement-sourced models is due to the nature of the ore formation. No
matter where the uranium from, the occurrence of fluid mixing always need to wait for the oxidized
basin fluids first penetrating the basement unit.
Also, numerical case studies in Chapter 2 reveal that the fault location has close relation
with uranium deposits' location and mineralization. The fault is a key feature that can rearrange
free convections within the entire basin, and its location controls the ore genesis. Other than the
fault zone fluid convection, only dominant convection cells are able to penetrate into a deeper
depth so that allows fluid mixing occurs between two units. Depending on the fault location,
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dominant convection cells and the convection cell within the fault will have difference in capability
of transport basin and basement fluid,, thus resulted in uraninite deposits at various locations.
Numerical experiments in Chapter 3 confirm that fault dip angle is also important in the
formation of URU deposits. Faults with subvertical and 45˚ angle of dips are favorable for the
formation of economical deposits in the basement unit. When the dip angle is equal to and less
than 30˚, no deposits can form due to the lack of significant oxidizing-reducing fluid mixing.

4.2 Significance
Effect of the uranium source location, fault location and dips of the fault has been first
investigated in this study, which helps fill some knowledge gaps in understanding the controlling
factors for the formation of URU deposits.
The numerical results also have important implications for exploration industry to better
predict the location and tonnage of ore mineralization. The methodology and modeling theory
presented in this thesis is also applicable to other ore-forming environments.
For example, considerable deposits prefer to form in an environment that has the fault
extend into both the sandstone and the basement, and angle of dips should be equal to or more than
45 degrees. Unfortunately, the uranium source location cannot indicate whether considerable
deposits are formed.

4.3 Future work
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Displacement usually occurs around fault zones. This study ignored such a factor in model
construction. It needs to be included in the future work.
This study only considered 2D models. Fully 3D modeling will be necessary in order to
represent more realistic geology.
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APPENDICES
Appendix A: Equations governing fluid and heat flow, and chemical transport (Xu et al., 2004).
General governing equations
General governing equations
Water
Air
Heat

∂M!
= −∇F! + q!
∂t
Mw = ϕ(SlρlXwl + SgρgXwg)
Fw = Xwlρlul + Xwgρgug
qw = qwl + qwg
Mc = ϕ(SlρlXcl + SgρgXcg)
Fc = Xclρlul + Xcgρgug
qc = qcl + qcg+ qcr
Mh = ϕ(SlρlUl + SgρgUg) + (1- ϕ)ρsUs
Fh = ∑"#$,& ℎ" ρ" 𝐮" − λ∇T
qh
'
Where 𝐮" = −𝑘 (!" (∇P" − ρ" )
(Darcy’s Law)
"

Chemical components in the
liquid phase ( j= 1, 2, …, N1)

ρ = 1, g
Mj = ϕS1Cj1
Fj = u1Cjl – (τϕS1D1)∇Cjl
qj = qjl+ qjs + qjg
τβ = ϕ1/3Sβ7/3 (Millington and Quirk, 1961)

Aqueous complexation
-%
,

,

#$
#$
*$
c) = K *$
) γ) ; c+ γ+

+#$

Ci = molal concentration of the i-th aqueous complex
Cj = molal concentration of the j-th basis species
γi , γ j = = thermodynamic activity coefficients
Ki = equilibrium constant

Chemical equilibrium for mineral
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-/
,

,

&$
Ω. = K *$
γ+ &$
. ; c+

+#$

M = 1…Np
m = equilibrium mineral index
Km = corresponding equilibrium constant

At equilibrium, we have:
SI. = log$0 Ω. = 0
SIm = mineral saturation index

Kinetic rate for mineral dissolution/precipitation
r1 = f(c$ , c2 , … , c-/ ) = ±k 1 A1 H1 − Ω31 H

4

n = 1…Np
rn = positive values indicate dissolution; negative values indicate precipitation
kn = rate constant in moles per unit mineral surface area and unit time, which is temperature
dependent
An = specific reactive surface area per kg H2O
Ωn = skinetic mineral saturation ratio
θ,η = must be determined from experiments; usually, but not always, they are taken equal to one

List of symbols (derived from Xu et al., 2004).
C
D
F
k

Component concentration, mol L-1
Diffusion coefficient, m2 s-1
Mass flux, kg m2s-1
Permeability, m2
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kr
g
M
N
p
q
S
T
U
u
X
φ
ρ
μ
λ
Subscripts
c
g
h
j
l
r
s
w
κ
β
τ

Relative permeability
Gravitational acceleration, m s-2
Mass accumulation, kg m-3
Number of chemical components
Pressure, Pa
Source/sink
saturation
Temperature, ˚C
Internal energy, J kg-1
Darcy velocity, m s-1
Mass fraction
Porosity
Density, kg m-3
Viscosity, kg m-1 s-1
Heat conductivity, W m-1 K-1
Air
Gas phase
Heat
Aqueous chemical components
Liquid phase
Reaction
Solid phase
Water
Governing equation index
Phase index
Medium tortousity
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Appendix B: Nomenclature
EOS = equation-of-state
IFD = integral finite difference
URU = unconformity-related uranium
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